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Developmental signaling pathways needed to evolve to be robust against environmental fluctua-
tions. In this issue, Shimizu et al. reveal a complex system of interacting endocytic pathways that
help to maintain consistent levels of Notch activity across a range of temperatures.Animal development takes place under
a wide range of temperatures, relying on
biochemical processes that in a test
tube are highly temperature dependent.
One such process that is key for develop-
ment in Drosophila, as well as all
other metazoans, is Notch signaling.
Shimizu et al. provide evidence that
the robustness of Notch signaling to
changes in temperature is achieved by
deploying multiple endocytic pathways
that can act both against and with each
other, depending on the conditions,
to transduce the Notch signal (Shimizu
et al., 2014).
In simple terms, Notch signaling in-
volves the interaction between the Notch
receptor in one cell and a transmembrane
ligand (DSL) on an adjacent cell that
results in two sequential cleavages of
the Notch receptor, the first shedding
its N-terminal extracellular domain (ecd)
and the second liberating the C-terminal
intracellular domain (icd), which can then
translocate to the nucleus to act as a tran-
scriptional activator (see Hori et al. [2013]for a recent review). Of course, the reality
is more complicated, and one aspect
of this complexity is that endocytosis
is needed in both the sending and
receiving cell (Seugnet et al., 1997). DSL
protein endocytosis has emerged as a
major driving force in the conformational
change that leads to the activation of
Notch (reviewed in Musse et al. [2012]).
Moreover, although the predominant
mechanism for activating Notch is via
ligand binding at the plasma membrane,
there is also an endocytosis-dependent
pathway that leads to cleavage of
Notch in a ligand-independent manner.
Endocytosis-dependent, ligand-indepen-
dent Notch cleavage can take place on
either the lysosomal limiting membrane
(the outermost membrane of the lyso-
some, which contacts the cytoplasm) or
on an earlier endosomal compartment,
although the latter hasonly beenobserved
upon genetic ablation of the ESCRT
complexes that sort transmembrane
cargo into the intraluminal vesicles (ILVs)
of maturing endosomes (a.k.a. multivesic-ular bodies or MVBs) on the way to lyso-
somal delivery. It has, however, been
suggested that the last Notch cleavage
event, even in ligand-dependent acti-
vation, may occur only after trafficking
the first C-terminal cleavage product into
an acidified endosomal compartment
(Vaccari et al., 2010).
Endocytic trafficking of Notch is regu-
lated by its association with two different
Ub ligases, either Deltex (Dx), a RING
family Ub ligase, or a member of the
HECT domain-containing Nedd4 family
of Ub ligases, which includes suppressor
of deltex (Su(dx)). Whereas Dx-stimulated
endocytosis results in ligand-indepen-
dent Notch activation at the lysosomal
limiting membrane, Su(dx)-stimulated
endocytosis results in trafficking of Notch
to the lysosome lumen for degrada-
tion, thus dampening signal transduction.
Interestingly, the dx null phenotype is
temperature sensitive, prompting Shimizu
et al. to explore whether the Dx path-
way could be relevant to temperature
compensation.
Figure 1. Different Modes of Notch Activation Are Regulated by
Different Endocytic Mechanisms that Are Differentially Affected by
Temperature
Three sites of Notch activation are marked (r6-r7-r9), corresponding to the
relevant equations in the mathematical model of Shimizu et al. and to the
intracellular locations where the final Notch-activating cleavage is thought to
take place. Dx-mediated endocytosis is clathrin dependent and temperature
independent; it usually favors delivery of the Notch icd to the lysosome limiting
membrane, where it can be released to the cytoplasm (r9). Su(dx)-mediated
endocytosis is sterol dependent and increases at high temperature. It favors
delivery of the Notch icd to the lumen of the MVB and its eventual lysosomal
degradation. Entry of Notch icd into the ILVs needs ubiquitylation by Su(dx).
As Su(dx) catalytic activity is low at low temperatures, persistence of Su(dx)-
endocytosed Notch at the early MVB can lead to its activation (r7). The Dx
and Su(dx) pathways cross at an early sorting endosome (E-MVB). This could
be mediated by proteins that interact with both Dx and Su(dx), such as the
arrestin Krz.The authors based their
analysis on a cell culture sys-
tem, in which they expressed
wild-type Notch or two point
mutants, an ecd mutant that
cannot bind ligand and an
icd mutant that cannot inter-
act with Dx, thus enabling
a distinction between ligand-
dependent and Dx-depend-
ent activation. Upon varying
the temperature from 18C
to 29C (within the range
of physiological tempera-
tures for Drosophila cells),
Shimizu et al. found signifi-
cant changes in signal output
measured by aNotch-respon-
sive reporter, with the thermal
effects on Dx-mediated acti-
vation (weaker at high temper-
atures) opposite to those
on ligand-mediated activation
(stronger at high tempe-
ratures). Importantly, these
changes were only seen with
full-length Notch; the C-termi-
nal cleavage products be-
haved in a temperature-inde-
pendent manner, suggesting
that the temperature-sensitive
step(s) occur(s) before ecd
shedding. The effects of the
Su(dx) pathway also varied
with temperature in this assay,
suppressing signal output
more effectively at high tem-
peratures.
Shimizu et al. combined
their Notch activity measure-
ments with endocytic uptake
assays and colocalization
of Notch with a marker for
cholesterol-rich membrane
microdomains. They showed
that Dx-stimulated Notchendocytosis uses a clathrin-mediated
pathway, whereas Su(dx)-induced uptake
is clathrin independent but cholesterol
dependent (Figure 1). In fact, the two
internalization pathways seem to com-
pete for the same pool of Notch cargo,
such that upregulation of one leads
to reduction of the other. The choles-
terol-mediated pathway leads to faster
sequestration of Notch to an endolyso-
some lumen, whereas the Dx pathway
keeps Notch active at the lysosomallimiting membrane. Whereas Dx-medi-
ated endocytosis was temperature inde-
pendent, two steps in the cholesterol-
mediated pathway were found to be
temperature sensitive: (1) the endocytosis
per se and (2) the delivery of Notch into
the endolysosome lumen (ILVs). Both are
mediated by Su(dx), but importantly,
only the latter step requires the HECT
domain and correlates with the ability
of Su(dx) to ubiquitylate Notch more
effectively at higher temperatures. Sur-Cell 157, May 22,prisingly, cholesterol/Su(dx)
endocytosis was found to
stimulate Notch at low tem-
peratures. This stimulation
was mechanistically distinct
from that caused by Dx: the
Su(dx) pathway required the
first Notch receptor protease
(Kuz), but not certain com-
ponents of the endocytic
trafficking machinery (the
AP-3 and HOPS complexes),
whereas the inverse was true
for the Dx pathway.
Having identified three
different pathways—ligand-
dependent, Dx/clathrin, and
Su(dx)/sterol—that modulate
Notch processing and sig-
naling, the authors built a
model based on differential
equations describing the flux
of Notch molecules along
each of these pathways and
yielding a total concentration
of active Notch as a function
of the concentrations of Dx
and Su(dx). By tuning the rate
constants of different steps
within a range allowed by
their experimental results,
they were able to predict the
complex temperature-depen-
dent interactions between
dx and Su(dx) mutations. For
instance, the ability of Su(dx)
to enhance or suppress the
dx phenotype in the wing
in a temperature-dependent
fashion was explained by
the fact that HECT-mediated
ILV sorting is greatly reduced
at low temperature (Su(dx)
endocytosis stalls Notch at
the early MVB, thus con-
tributing positively to signal),whereas it is enhanced at high tempera-
ture, inactivating Notch by sequestration
in the MVB. As part of the in vivo ex-
periments in the study, the authors
found that Dx acts positively in the
wing, whereas in the context of leg joint
specification, it acts negatively. This
observation was explained by Dx’s ability
to increase the pool of endocytosed
Notch, which can then traffic from the
sterol-poor domains of the early MVB
to the sterol-rich ones. Interestingly, Dx2014 ª2014 Elsevier Inc. 1011
had been shown earlier to reduce Notch
signal transduction if coexpressed with
Kurtz, an arrestin-type molecule (Hori
et al., 2011). Arrestins are typical cofactors
of Nedd4-Su(dx) Ub ligases (Lauwers
et al., 2010), but Kurtz was also shown
to interact with Dx. It is thus possible that
Kurtz acts as a bridge between the
Dx and Su(dx) molecules to traffic Dx/cla-
thrin endocytosed Notch to a sterol-rich
endosome domain, where Su(dx)-medi-
ated ubiquitylation would shunt it toward
lysosomal degradation.
In summary, this paper strives to place
a body of data regarding the endosomal
contribution to Notch signaling and the
roles of Dx and Su(dx) into a rational
model. In doing so, the authors have
discovered important new twists on the
mechanism of Notch activation. Impor-
tantly, the Su(dx)/ Nedd4 endocytic
pathway, which is a conserved homeo-
static pathway for the turnover of many
plasma membrane proteins (Zhao et al.,
2013), has been harnessed to buffer
Notch signaling output against tempera-
ture changes by acting positively (low T)
or negatively (high T) on Notch activation.
A number of issues are still outstanding.
Where does unliganded Notch come
from? This work concentrates on sur-
face-exposed Notch, but there is no a1012 Cell 157, May 22, 2014 ª2014 Elsevier Ipriori reason to assume that ligand-free
Notch should traffic to the plasma mem-
brane before entering the early endo-
some. In fact, both Dx and Su(dx) seem
to ubiquitylate unprocessed full-length
Notch, which does not seem to traffic
effectively to the cell surface (Lake et al.,
2009). Could part of the ligand-indepen-
dent signal emanate from a direct Golgi-
to-endosome trafficking route? Another
question regards the temperature profile
of ligand-induced signaling. The authors
modeled it as linearly increasing with
temperature, based on observations
from cell culture in which N-expressing
cells were plated over fixed DSL-express-
ing cells. This effectively removes the
endocytosis of the DSL ligand from the
equation. Could this also have a tempe-
rature-sensitive behavior? How would
it impinge on the overall model? It is
noteworthy that additional parameters
of Notch signaling are temperature sensi-
tive: O-glucosylation of Notch has also
been shown to buffer the Kuz-dependent
cleavage step of Notch against tempera-
ture fluctuations (Leonardi et al., 2011).
Have these modules been co-opted by
the Notch pathway only to face environ-
mental stresses? Indeed, how would
these pathways behave in homeothermic
animals, in which temperature fluctuationnc.is not an issue? Continued study of the
many inputs to Notch activation and the
many processes affected by temperature
will surely yield more answers and more
surprises.
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